To evaluate the efficacy of intraparenchymal brain tumor biopsy using endoscopy and a navigation system (navigation-guided endoscopic biopsy) as a diagnostic tool, a case series of intraparenchymal tumor biopsies was reviewed. Navigation-guided endoscopic biopsy was applied in 9 cases, stereotactic needle biopsy in 16 cases, and open biopsy with or without navigation system in 34 cases. In all biopsy cases, 84.7% of biopsy points were sampled accurately, and 93.2% of diagnoses by biopsy were correct. Comparison of each type of biopsy showed that the resected volumes in navigation-guided endoscopic biopsy and open biopsy tended to be larger than those in stereotactic biopsy, and the mean operation time for the open biopsy procedure was the longest. To define the most applicable device or examination method to increase sampling accuracy, various factors were analyzed in 59 procedures. Navigation-guided endoscopic biopsy was the most accurate of the three types of biopsy, although the statistical difference was not significant. Older patients, histological diagnosis of high-grade glioma or malignant lymphoma, positive photodynamic diagnosis, and positive intraoperative pathology were significant factors in improving the sampling accuracy. Navigation-guided endoscopic biopsy could provide a larger sample volume within a relatively short operation time. The biopsy can be easily combined with both photodynamic diagnosis and intraoperative pathology, significantly improving the histological diagnostic yield.
Introduction
Biopsy for the diagnosis of intraparenchymal tumors of the central nervous system can be achieved by various methods, including needle biopsy using a stereotactic frame, such as the Leksell, Fisher, or Sugita frame, frameless biopsy with image-guided stereotactic techniques, using neuronavigation with or without rigid fixation, and open biopsy via a small craniotomy. These methods have advantages and disadvantages in sampling accuracy, approach to deep lesions, and sample volume. 2, 5, 6, [8] [9] [10] 15, 17, [21] [22] [23] [24] 27) Several case series have demonstrated that biopsy also has limitations in the rate of successful diagnosis (diagnostic yield) compared to partial/gross total resection via open craniotomy. 4, 12, 16, 17, 22, 27) The reported diagnostic yields of frame-based biopsies were 66% to 99.3%, 6, 8, 10, 22, 27) and those of frameless biopsies were 89% to 93.8%. 4, 12, 16, 22, 27) Especially in stereotactic biopsy, the sampling error and the small amount of tissue are the most likely reasons for the relatively low diagnostic yield, 14) although stereotactic biopsy is minimally invasive with potentially low complication risk. 3) However, even frameless biopsy using a navigation system has a potential target registration error. 20) Recently, a few cases of intraparenchymal brain tumor biopsy or removal using neuroendoscopy with the navigation system (navigation-guided endoscopic biopsy) have been reported. 1, 7, 13, 18) In our hospital, we have recently started using navigationguided endoscopic biopsy for intraparenchymal brain tumor diagnosis. Table 3 ) with navigation-guided endoscopic biopsy. The head was fixed with a Mayfield frame for the subsequent burr hole. E: Preoperative T 1 -weighted magnetic resonance image with gadolinium showing the target lesion (cross line). F: Postoperative T 1 -weighted magnetic resonance image with gadolinium showing that the target lesion was resected accurately. Table  3 ), defined as the resected point (arrow) on the T 1 -weighted magnetic resonance (MR) image with gadolinium (lower) located accurately at the target point (cross line) on the T 1 -weighted MR image with gadolinium (upper). B: Example of a`boundary' result of navigation-guided endoscopic biopsy (Case 2 in Table 3 ), defined as the resected point (arrow) on the T 2 * -weighted MR image (lower) located in the margin of the target point (cross line) on the T 1 -weighted MR image with gadolinium (upper). C: Example of a`failed' open biopsy (Case 7 in Table 2 ), defined as the resected point (arrow) on the T 2 *-weighted MR image (lower) with a clear discrepancy to the target point (cross line) on the T 1 -weighted MR image with gadolinium (upper).
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Navigation-Guided Endoscopic Brain Biopsy
We retrospectively review our case series of intraparenchymal brain tumor biopsies to assess the efficacy of this method as a diagnostic tool.
Patients and Methods
The medical records, including radiological findings and histological reports, were reviewed in 59 consecutive cases of intraparenchymal tumor biopsies, performed at Tsukuba University Hospital between July 2007 and October 2010. Navigation-guided endoscopic biopsy, as shown in Fig. 1 , was used in 9 cases, stereotactic needle biopsy in 16 cases, and open biopsy in 34 cases. The navigation system was used in 27 of the 34 cases of open biopsy. Nineteen biopsy procedures for intraventricular/intraparenchymal tumors using endoscopic biopsy via the ventricle were excluded. Thirty-six patients were men and 23 were women, aged from 0 to 82 years (mean 52.7 years). Various characteristics of the patients and procedures were assessed: age, sex, tumor location, preoperative radiological diagnosis, histological diagnosis, type of biopsy, use of each modality, accuracy of target sampling, complications, removed volume, photodynamic diagnosis (PDD), intraoperative frozen section pathology (IOP), and operation time.
The decision about the target lesion was made according to preoperative T 1 -weighted magnetic resonance (MR) imaging with gadolinium, with or without additional thallium single-photon emission computed tomography, l-[ 11 C]methionine-positron emission tomography, and MR spectroscopy. We assessed whether or not the resection was successful by postoperative computed tomography (CT) or T 1 -weighted MR imaging with gadolinium. The`accurate' biopsy point was defined as the correspondence between the preoperative target point and the resected point according to the postoperative MR image or CT scan (Fig. 2) . A`failed' result was defined as a clear discrepancy between the resected point and the target point, and sampling of thè boundary' area as the resected point located in the area surrounding of the target point, within the boundary of the enhanced lesion on T 1 -weighted MR imaging with gadolinium.
The resected sample was assessed histologically, and we analyzed whether or not the histological di- 
Navigation-Guided Endoscopic Biopsy
First, the patient's head was fixed with a Mayfield frame under general anesthesia, then the navigation system was set up, as shown in Fig. 1 . One burr hole was made in the skull. A transparent sheath with a diameter of 10 mm (Neuroport } ; Olympus Corp., Tokyo) with a removable inner tube was inserted into the front of the target lesion via the burr hole under control of the navigation system. After the front of the lesion was observed with the rigid endoscope (EndoArm } ; Olympus Corp.), the lesion was removed piecemeal. PDD using 5-aminolevulinic acid was applied if the lesion was suspected of being malignant such as glioblastoma multiforme. If possible, rapid diagnosis by IOP was made from a part of the specimen. If PDD was available, a PDD-positive specimen was used for IOP.
Results
The clinical characteristics of the patients are shown in Table 1 . High-grade glioma and malignant lymphoma accounted for 62.7% of preoperative and 57.6% of histological diagnoses. The mean operation time was 3.1 hours. PDD was used in 36 of 59 cases (61.0%), and the overall PDD-positive ratio was 61.1% (22 cases). The positive ratios were 71.4% (10 cases) in 14 cases of high-grade glioma, 75.0% (9 cases) in 12 cases of malignant lymphoma, and 30.0% (3 cases) in 10 cases of other tumors. IOP diagnosis was performed in 31 of 59 cases (52.5%).
The percentage of accurate sampling was 84.7%, and that of correct diagnosis by biopsy was 93.2%. The mean complication rate including minor events was 11.9% (6 cases of transient symptoms and 1 case of permanent symptoms). Only one patient with malignant lymphoma in the open biopsy group died of acute brain swelling, and the permanent morbidity and mortality rates were 1.7% each. The symptoms of the other patients were transient and recovered during hospitalization.
Resected volumes tended to be higher with There were 10 cases of biopsy failure. The procedure resulted in a`failed' biopsy point in only one case, in which the removed region was clearly distant from the target lesion designed before the biopsy. In 8 cases, the procedures resulted in biopsies of`boundary' areas. In one case of open biopsy, the sample volume was insufficient for histological diagnosis, although the biopsy point was accurate. Table 2 shows the 9 cases of biopsy failure excluding the case of insufficient sampling volume.
Stereotactic biopsy or open biopsy was applied in 8 of these 9 cases. Neither PDD nor IOP were performed (or were not informative) in 7 cases. The histological diagnosis was different from the final clinical diagnosis in 3 cases, such as diffuse astrocytoma finally defined as glioblastoma multiforme. Table 3 shows the 9 cases of navigation-guided endoscopic biopsy. The biopsy point was sampled accurately in 8 of these 9 cases. Only one case was categorized in the`boundary' biopsy group (Case 9 in Table 2 and Case 2 in Table 3 ). In this early case, PDD was not done and no viable tumor was found in the specimen by IOP diagnosis.
To identify the most appropriate method to increase sampling accuracy, various factors were analyzed in all 59 procedures, as shown in Table 4 . Navigation-guided endoscopic biopsy was the best procedure for diagnostic yield and sampling accuracy, although the statistical difference was not significant. Older patients (AE50 years), histological diagnosis of high-grade glioma or malignant lymphoma, positive PDD, and positive IOP were significant factors in improving the accuracy of sampling the target points in monovariate analysis (p Ã 0.05, Fisher's direct method or Mann-Whitney U test). Histological diagnosis of high-grade glioma or malignant lymphoma was the only significant factor in multivariate analysis (p ＝ 0.0239; odds ratio ＝ 5.0, logistic analysis). The combination of positive results of PDD and IOP significantly improved the accuracy in monovariate analysis (p ＝ 0.001, MannWhitney U test) ( Table 4 and Fig. 3) .
To understand the association between accurate sampling and location of the target point on the navigation system, distances from the nasion and from the cortical surface were measured in each open biopsy with the navigation system. The distances in unsuccessful biopsy procedures were longer than those in other procedures (136 mm vs. 114 mm from the nasion and 26.5 mm vs. 22.3 mm from the cortical surface, respectively), although the difference was not statistically significant.
Discussion
Several studies have assessed the accuracy of stereotactic brain biopsy based on tissue diagnosis from subsequent open craniotomy. 4, 12, 16, 27) Especially for glioma grading, these series demonstrated only 51-79% concordance between the specimens Table 3 Nine cases of navigation-guided endoscopic biopsy from stereotactic biopsy and those from the open resection, probably due to the sampling error and the small amount of tissue. 4, 12, 16, 27) Recently, the navigation-guided endoscopic biopsy has been used to overcome the drawbacks of needle biopsy and open biopsy via small craniotomy. 1) This new method has some advantages over other biopsy procedures. First, operators can modify the position under visual control with the endoscope and after IOP with PDD, and thus increase the accuracy of the sampling target point. Indeed, in this study, positive diagnosis by both PDD and IOP significantly improved the accuracy. Higher diagnostic yields were reported in cases of stereotactic biopsy with intraoperative cytological smear. 11, 19) Fluorescence intensity in the case of positive PDD indicates pathological viability in highgrade glioma cases, 25, 26) and we believe that the combination of PDD and IOP should be performed in a larger number of biopsy procedures for the correction of sampling points and attaining more accurate diagnosis. Second, operators can resect a larger lesion volume without the risk of bleeding from the lesion, which can be controlled with monopolar or bipolar forceps, even if massive bleeding occurs. Third, navigation-guided endoscopic biopsy is less invasive than open biopsy, not only in operation time but also in the length of skin incision, and possibly in the risk of brain swelling due to damage to the cortical vein by the bone edge. Moreover, this method can be applied to both shallow and deep lesions, but is recommended for tumors mainly occupying the pial surface. 22) In handling the pial regions containing many vessels, microscopic visualization is superior to endoscopic visualization. Stereotactic needle biopsy and/or microscopic open surgery via craniotomy are more suitable in the basal ganglia and brain stem.
In this study, the diagnostic yield (rate of correct diagnosis by biopsy) among all biopsies for intracranial lesions was 93.2%, and the complication rate including minor events was 11.9%. The diagnostic yield in our series is comparable to that of previous reports. 2, 5, 6, [8] [9] [10] 15, 17, [21] [22] [23] [24] 27) However, the failure in 6.8% is not negligible. To find possible solutions to improve the diagnostic yield, we analyzed which factors were associated with higher accuracy of sampling the target points in 3 types of biopsies. The sampling accuracy in stereotactic needle biopsy was the lowest among all types of biopsy, which mainly might be due to the small sampling volume. Multi-tap biopsy is needed in needle biopsy to increase the sampling volume. However, this would have a high risk of complications such as intraparenchymal hemorrhage. Indeed, the method has a 0-9.3% morbidity rate, mainly due to such hemorrhages. 9) Some procedures in this study failed to obtain sample tissue accurately even using the navigation system. At many institutes, including ours, MR imaging registration of the navigation system is performed mainly by the surface-based registration method, which is more accurate for targets close to the face of a patient. 20) Additionally, we use fiducialbased registration to avoid the increased target registration error in cases of parieto-occipital lesions. However, the navigation system has the potential for target registration error even with the combination of these registration methods. Again, navigation-guided endoscopic biopsy can be easily combined with both PDD and IOP. Using the combination of these methods, the histological diagnostic yield was significantly improved in our study.
Navigation-guided endoscopic biopsy can obtain larger sample volume within a relatively short operation time. This method provided the best diagnostic yield and target-point sampling accuracy, although the statistical difference was not significant. Significant factors in improving the target-point sample accuracy were: older patients, histological diagnosis of high-grade glioma or malignant lymphoma, and positive status of PDD and IOP. Navigation-guided endoscopic biopsy can be easily combined with both PDD and IOP, significantly improving the histological diagnostic yield. We believe that this new method has distinct advantages, and may develop into a standard biopsy technique for some types of intraparenchymal brain tumors, excluding the brain pial surface, basal ganglia, and brain stem.
